In prostate cancer, the signals that drive cell proliferation change as tumors progress from castration-sensitive (androgen-dominant) to castration-resistant states. While the mechanisms underlying this change remain uncertain, characterization of common signaling components that regulate both stages of prostate cancer proliferation is important for developing effective treatment strategies. Here, we demonstrate that paxillin, a known cytoplasmic adaptor protein, regulates both androgen-and EGF-induced nuclear signaling. We show that androgen and EGF promoted MAPK-dependent phosphorylation of paxillin, resulting in nuclear translocation of paxillin. We found nuclear paxillin could then associate with androgen-stimulated androgen receptor (AR). This complex bound AR-sensitive promoters, retaining AR within the nucleus and regulating AR-mediated transcription. Nuclear paxillin also complexed with ERK and ELK1, mediating c-FOS and cyclin D1 expression; this was followed by proliferation. Thus, paxillin is a liaison between extranuclear MAPK signaling and nuclear transcription in response to androgens and growth factors, making it a potential regulator of both castration-sensitive and castrationresistant prostate cancer. Accordingly, paxillin was required for normal growth of human prostate cancer cell xenografts, and its expression was elevated in human prostate cancer tissue microarrays. Paxillin is therefore a potential biomarker for prostate cancer proliferation and a possible therapeutic target for prostate cancer treatment.
Introduction
Prostate cancer is associated with significant morbidity and mortality and is the second most common cancer among men worldwide. One feature of prostate cancer progression is its apparent change in androgen responsiveness over time. At diagnosis, locally advanced prostate cancers are treated successfully by prostatectomy, irradiation, and/or anti-androgen therapy, suggesting that tumor cells are dependent on androgens for continued growth and survival. In contrast, despite treatment, many advanced tumors enter a more aggressive castration-resistant state after 18-24 months. This observation suggests fundamental changes in the extracellular triggers and intracellular signaling pathways that regulate proliferation and cell migration (1) (2) (3) in aggressive tumors. The reasons for this dramatic transformation in phenotype are not well understood. However, several likely interconnected mechanisms of castration resistance have been proposed. For example, alterations in intraprostatic androgen production or metabolism ("intracrine" androgen production) in castration-resistant prostate cancer (4, 5) could lead to elevated local androgen concentrations in the setting of low serum androgen levels. Alternatively, the abundance or activity of androgen receptors (ARs) and their various transcriptional coregulators might be modified in castration-resistant prostate cancer cells so that they respond to lower concentrations of androgen or other steroids (6) . Finally, prostate cancer cells might adopt alternative mechanisms of proliferation that are less dependent on androgens (although still dependent on ARs), but more sensitive to growth factors such as EGF or IGF-1 (6, 7) .
Interestingly, others and we have shown that androgen and growth factor signaling are tightly linked in prostate cancer cells (1, (7) (8) (9) (10) (11) . For example, we demonstrated that androgen binding to extranuclear ARs leads to MMP-mediated release of EGFR ligands (8) . Subsequent activation of the EGFR results in MAPK signaling within the cytoplasm, followed by enhanced cellular proliferation. Based on this observation, we propose that androgen-triggered membraneinitiated signaling events in prostate cancer cells are in fact very similar to growth factor-triggered (e.g., EGF) signaling. In both scenarios, receptor tyrosine kinase activation stimulates MAPK signaling, which then regulates expression of AR-and ERK-dependent genes involved in proliferation and migration (8) . Thus, crosstalk between extranuclear kinase signaling and transcription appears to be critical for prostate cancer progression regardless of the mitogenic ligand.
How do extranuclear AR and MAPK signaling regulate AR-and ERK-dependent transcription? We previously showed that paxillin (PXN), a protein involved in cytoskeletal remodeling and focal adhesion function, mediates both extra-and intranuclear AR and ERK signaling in prostate cancer cells (8) . Specifically, EGFRinduced phosphorylation of PXN on tyrosine residues is required for activation of Raf and downstream MAPK signaling in response to both androgen and EGF stimulation. Some AR-and ERK-regulated gene expressions, and ultimately prostate cancer cell proliferation (8) , are then dependent upon subsequent MAPK-dependent phosphorylation of specific serine residues on PXN.
Here, we used in vitro models, xenograft tumor studies, and human tissue microarrays (TMAs) to examine the importance of and the mechanisms by which serine-phosphorylated PXN regulates transcription and proliferation in prostate cancer cells. We found that phosphoserine-PXN (PS-PXN) localized to the nucleus upon MAPK-mediated phosphorylation in both androgen/castration-sensitive (LNCaP) and androgen/castration-insensitive (PC3) prostate cancer cells. Once in the nucleus, PS-PXN both retained androgen-bound AR within the nucleus and complexed with AR on the prostate-specific antigen (PSA) and NKX3-1 promoter to enhance its transcriptional activity. Furthermore, PS-PXN was in fact a general regulator of ERK-mediated nuclear actions regardless of the initial external trigger. In response to EGF, PS-PXN was required for ERK-mediated phosphorylation of E twenty-six-like (ETS-like) transcription factor 1 (ELK1), which in turn regulated expression of the proliferative genes c-FOS and cyclin D1. The relevance of PXN to prostate cancer cell growth in vivo was established by both xenograft studies and PXN overexpression in human prostate cancer tissue samples. Thus, PXN regulates both androgen and growth factor signaling in prostate cancer cells, making it a potential mediator of both castration-sensitive and castrationresistant prostate cancer.
Results

PS-PXN is localized in the nucleus.
Our previous study demonstrated that the focal adhesion protein PXN was required for androgen-induced expression of prostate-specific antigen (PSA) mRNA in prostate cancer cells, suggesting that PXN might also function within the nucleus (8) . To determine whether PXN regulated nuclear processes, we used immunofluorescence to examine subcellular localization of PXN in androgen-sensitive LNCaP prostate cancer cells ( Figure 1A ). PXN localized primarily in the cytoplasm of serum-starved, unstimulated LNCaP cells (11.4% ± 1.3% of cells contained nuclear PXN). Surprisingly, upon dihydrotestosterone (DHT) stimulation, more PXN was found in the nucleus (73.5% ± 0.6% of cells contained nuclear PXN, P ≤ 0.01 vs. unstimulated cells; Figure 1A ). An antibody directed against phosphorylated serine residue 126 of PS-PXN showed that PS-PXN was predominantly nuclear in DHT-treated cells (91.0% ± 3.55% of cells contained mainly nuclear PS-PXN; Figure 1A ), indicating that some or all of the nuclear PXN was serine phosphorylated in response to MAPK signaling. Notably, biochemical separation of cytoplasmic and nuclear fractions confirmed the immunofluorescence results ( Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI62044DS1).
Since PS-PXN was primarily nuclear, we postulated that PS-PXN might regulate PSA mRNA expression by modulating AR-mediated transcription. We therefore examined the role of PS-PXN in regulating AR-induced activation of the PSA promoter ( Figure 1B ). We transfected a luciferase construct driven by the PSA promoter into LNCaP prostate cancer cells and measured DHT-triggered luciferase activity. While DHT induced PSA promoter activity in cells transfected with control (Nsp) siRNA, knockdown of endogenous PXN (PXN siRNA) abrogated DHT-induced PSA promoter activity ( Figure 1B) . Reexpression of WT PXN in knockdown cells restored DHT-induced PSA promoter activity (WT Rescue; Figure 1B ). In contrast, expression of a PXN mutant lacking the MAPKdependent serine phosphorylation sites (serines 83, 126, and 130), PXN(S→A) failed to rescue DHT-induced PSA promoter activity (S→A rescue; Figure 1B ). This result confirms that MAPK-dependent phosphorylation of PXN is required for AR-mediated activation of the PSA promoter.
We next examined the role of PXN in the expression of multiple androgen targets using quantitative PCR (qPCR) ( Figure 1C ). Androgen-induced expression of PSA, FKBP5, and NKX3-1 mRNAs was significantly inhibited after siRNA-mediated PXN knockdown in LNCaP cells ( Figure 1C ) without affecting total AR expression (Supplemental Figure 2A) . These results suggest that PXN is a broad regulator of AR-mediated transcription. Furthermore, androgen-triggered upregulation of c-FOS mRNA, a proliferative signal requiring ERK signaling but not AR-mediated transcription, also required PXN ( Figure 1C ). This result demonstrates that, in addition to directly regulating AR-mediated transcription, PXN also regulates indirect effects of membrane-initiated extranuclear AR signaling on transcription (in this case via AR-triggered ERK signaling). PXN expression was confirmed by Western blot (Supplemental Figure 3A) . PXN regulates nuclear AR localization. Since PS-PXN is localized in the nucleus and required for AR-mediated expression of several androgen-induced mRNAs, we postulated that PS-PXN might mediate AR's nuclear localization in response to androgen. Therefore, we examined colocalization of PXN or PS-PXN with AR in LNCaP cells (Figure 2A ). In serum-starved cells (Nsp siRNA-medium; Figure 2A ), AR and total PXN were primarily cytoplasmic (14.7% ± 1.1% and 8.1% ± 0.7% of cells contained nuclear AR and PXN, respectively). Upon DHT stimulation, both AR and PS-PXN colocalized to the nucleus (97.1 ± 2.1% and 93.5 ± 2.3% of cells contained predominantly nuclear AR and PS-PXN, respectively). However, after PXN knockdown (PXN siRNA-no rescue; Figure 2A ), AR nuclear localization was markedly reduced in response to DHT (14.1% ± 0.6% of cells contained nuclear AR, P ≤ 0.05 vs. nonspecific [Nsp] siRNA). Reexpression of WT PXN rescued DHT-induced AR nuclear localization (WT rescue; 89.1% of cells contained nuclear AR; Figure 2A ). However, reexpression of PXN(S→A) lacking the MAPK-dependent phosphorylation sites did not rescue DHT-induced AR nuclear localization (S→A rescue; 18.75% ± 1.6% of cells contained nuclear AR, P ≤ 0.05 vs. Nsp siRNA or WT rescue; Figure 2A ), suggesting that PS-PXN is required for AR nuclear localization. Importantly, PXN(S→A) is expressed in these cells but, as expected, is not phosphorylated in response to DHT. Furthermore, subcellular localizations of PXN, PS-PXN, and AR were confirmed with nuclear and cytoplasmic isolation followed by Western blot (Supplemental Figure 1A) .
PS-PXN could be regulating AR nuclear localization by 1 of 2 mechanisms. First, PS-PXN may directly mediate AR translocation to the nucleus in response to DHT. Alternatively, DHT might be sufficient to promote AR nuclear localization, while PS-PXN functions to retain AR within the nucleus. To differentiate between these 2 possibilities, we examined PXN's role in mediating subcellular localization of AR in LNCaP cells treated with leptomycin B, which blocks nuclear export by inhibiting CRM1/exportin ( Figure 2B ). Under these conditions, DHT promoted AR accumulation in the nucleus (89.6% ± 0.5% of cells) relative to untreated cells (2.8% ± 0.5% of cells, P ≤ 0.01), even in the absence of detectable PXN, indicating that PS-PXN most likely regulates AR nuclear retention rather than nuclear entry.
PXN and AR complex in the nucleus and on the PSA and NKX3-1 promoters. To determine whether AR and PXN formed a complex in the nucleus, we performed co-IP assays ( Figure 2C ) in nuclear extracts from LNCaP cells treated with DHT. AR and PXN coprecipitated regardless of the precipitating antibody, confirming that they form a complex in the nucleus ( Figure 2C) . Surprisingly, AR and PXN were also in close proximity on the PSA and NKX3-1, but not FKBP5, promoters, as ChIP assays revealed both AR and PXN associated with the PSA and NKX3-1 promoters in a DHT-dependent fashion ( Figure 2D ). To determine whether AR and PXN are associated at the same time on the PSA promoter, we performed ChIP analysis in LNCaP cells with an antibody against PXN followed by re-ChIP with an antibody to AR. Indeed, we generated DHT-dependent PCR products from the PSA promoter after the consecutive precipitations (Supplemental Figure 2B) , confirming that, in addition to regulating AR retention in the nucleus, PXN may coregulate AR-mediated transcription in response to DHT.
Importantly, we performed the same experiments in an AR-positive, "castration-resistant" prostate cancer cell line (C4-2). Similar to LNCaP cells, PS-PXN regulated AR nuclear localization ( Figure 3A) as well as DHT-induced FKBP5 and NKX3-1 mRNA expression in C4-2 cells ( Figure 3B ), suggesting that PXN may be a common regulator of AR actions in prostate cancer. We confirmed subcellular localization of AR and PXN in C4-2 cells by Western blot (Supplemental Figure 1B ).
PXN regulates AR nuclear localization in primary mouse granulosa cells. Since PXN was necessary for DHT-induced AR nuclear localization in prostate cancer cells, we determined whether it functioned similarly in AR-dependent cells that were neither prostate nor tumor cell lines. Therefore, we examined primary mouse granulosa cells (GCs), where AR plays an important role in ovarian function (12, 13) . Interestingly, as seen in prostate cancer cell lines, both PXN ( Figure 4A ) and AR ( Figure 4B ) were primarily cytoplasmic under basal conditions in primary GCs (1.8% ± 0.3% and 12.9% ± 0.7% of cells with nuclear PXN and AR, respectively). As expected, PS-PXN (89.4% ± 1.3% of cells; Figure 4A ) and AR (98.2% ± 0.3% cells; Figure 4B ) became exclusively nuclear with DHT stimulation. Furthermore, as in prostate cancer cells, knockdown of PXN (PXN siRNA) expression in primary GCs abrogated nuclear localization of AR ( Figure 4B ) in response to DHT (24.05% ± 1.4% of cells with nuclear AR) compared with Nsp siRNA (98.2 ± 0.3% of cells with nuclear AR, P ≤ 0.05). This result suggests that PXN may be a general regulator of DHT-induced AR nuclear retention regardless of cell type.
PXN has been suggested as mediating nongenomic estrogen signaling in breast cancer cells (14) . We therefore tested PXN's role in regulating ERα nuclear localization in mouse primary GCs ( Figure 4C ). ERα was expressed primarily in the nucleus both in the absence (80% ± 1.7% of cells) and presence (93.6% ± 0.3% of cells) of estradiol. Although estradiol triggered PS-PXN nuclear expression (98.4% ± 1.4% of cells; Figure 4A ), knockdown of PXN expression by siRNA had no effect on ERα subcellular localization ( Figure 4C ). Similar studies in MCF7 breast cancer cells also showed that PXN knockdown had no effect on ERα nuclear localization ( Figure 4D ). Importantly, PXN knockdown did not reduce estrogen-induced luciferase activity in MCF7 cells expressing an estrogen response element-luciferase (ERE-luciferase) construct ( Figure 4E ). Therefore, PXN exerts selective effects on steroid hormone-regulated transcription, being critical for AR-but not ERα-mediated nuclear retention and transcriptional activation.
PXN modulates ERK-mediated transcription. DHT-induced activation of extranuclear ARs leads to transactivation of the EGFR and subsequent MAPK activation (8, 10, 14) . Furthermore, nuclear PS-PXN functions downstream of ERK to regulate AR-mediated transcription ( Figure 1 ). Since PXN functions downstream of the EGFR and ERK in response to DHT, we reasoned that PXN might in fact be a general regulator of ERK signaling in response to EGF, independent of androgens. We therefore used a cyclin D1 promoter-luciferase construct to determine whether PXN is required for EGF-induced cyclin D1 promoter activity ( Figure 5A ). Knockdown of PXN expression by siRNA abrogated EGF-induced cyclin D1 promoter activity. Reexpression of WT PXN, but not PXN(S→A), rescued EGF-induced cyclin D1 promoter activity ( Figure 5A ). These results suggest that, as with DHT-induced PSA promoter activity, ERK-dependent phosphorylation of PXN is required for EGF-induced cyclin D1 promoter activity. Confirmation of PXN knockdown and rescue in PC3 cells were determined by Western blot (Supplemental Figure 3B) .
Since nuclear PS-PXN is required for AR nuclear localization, we determined whether PXN might also regulate ERK nuclear localization ( Figure 5B ). While ERK and PXN (Nsp siRNA-medium; Figure 5B ) were predominantly cytoplasmic in serum-starved PC3 cells (7.6% ± 0.9% and 2.9% ± 0.3% of cells contained nuclear ERK and PXN, respectively), EGF induced (Nsp siRNA-EGF; Figure 5B ) nuclear expression of both phosphorylated ERK (p-ERK) and PS-PXN (89.7% ± 1.4% and 95.4% ± 2.2% of cells for p-ERK and nuclear PS-PXN, respectively). Upon siRNA-mediated ablation of PXN, ERK was no longer activated/phosphorylated and did not translocate into the nucleus in response to EGF (PXN siRNA-no rescue; Figure 5B ). Interestingly, reexpression of either WT PXN or PXN(S→A) (WT and S→A rescue; Figure 5B ) restored nuclear localization of p-ERK in response to EGF stimulation (98.2% ± 0.2% and 85.1% ± 0.6%, respectively). Therefore, unlike DHT-induced AR trafficking, EGF-induced nuclear localization of ERK requires PXN but not PS-PXN. We confirmed subcellular localization of ERK and PXN by Western blot (Supplemental Figure 1C) . 
PS-PXN complexes with ERK in the nucleus to regulate c-FOS mRNA expression.
Although MAPK-dependent phosphorylation of PXN is not required for ERK nuclear localization, it is still necessary to activate the cyclin D1 promoter ( Figure 5A ). ELK1 is an ERK nuclear target that mediates transcription (15) . For example, phosphorylated ELK1 (p-ELK1) increases expression of the early response gene c-FOS, which in turn regulates expression of cyclin D1 and other genes (16) . In PC3 cells, knockdown of PXN eliminated EGF-induced phosphorylation of ELK1 ( Figure 6A ) as well as c-FOS mRNA expression ( Figure 6B ), both of which could be rescued upon reexpression of WT PXN but not PXN(S→A). Therefore, MAPK-dependent phosphorylation of PXN is required for ERK-mediated phosphorylation of ELK1 and subsequent ELK1 actions on the c-FOS promoter. Co-IP studies from nuclear extracts of EGF stimulated PC3 cells, demonstrated a complex among PS-PXN, p-ERK, and p-ELK1, regardless of whether PXN or ERK was initially precipitated ( Figure 6C ). Furthermore, ChIP revealed that both p-ELK1 and ERK associated with the c-FOS promoter in an EGF-dependent fashion ( Figure 6D ). However, unlike PXN regulation of AR actions, PXN did not bind to the c-FOS promoter in EGF-stimulated PC3 cells (Figure 6D) . Together, these observations suggest that, although PS-PXN is not
Knockdown of PXN inhibits in vivo growth of human prostate cancer xenografts. In vitro studies showed that PXN was essential for PC3 cell proliferation, migration, and invasion (8) . To determine whether PXN is similarly required for prostate tumor cell growth in vivo, we stably knocked down PXN expression in PC3 cells using a lentiviral shRNA system and compared the growth of these cells to PC3 cells infected with Nsp (GFP) shRNA in immunocompromised mice. PXN knockdown significantly reduced tumor formation when compared with control PC3 cells infected with Nsp shRNA. The volume ( Figure 7A ) and weight ( Figure 7B ) of the tumors derived from PC3 cells transfected with PXN shRNA were 40%-45% lower compared with those of control groups. Notably, levels of PXN and p-ELK protein ( Figure 7C ) as well as cyclin D1 mRNA ( Figure 7D ) were markedly reduced in the PXN shRNA-treated tumors relative to control (GFP) shRNAtreated mice at the end of the experiment. These observations confirm the importance of the PXN-mediated signaling pathway for prostate cancer cell proliferation in vivo.
PXN expression is upregulated in human prostate cancer patient samples. Given that PXN and other downstream proliferative signaling molecules are important for prostate cancer cell proliferation both in vitro (8) and in vivo (Figure 7, A-D) , we postulated that these proteins might be overexpressed in human prostate cancer tissues. Using a human TMA of human prostate biopsies that contained 199 malignant samples and 36 normal or benign prostate hyperplasia (BPH) samples, we determined the abundance of PXN by immunohistochemistry ( Figure 7 , E and F). Immunohistochemistry revealed primarily cytoplasmic staining of PXN in epithelial cells ( Figure 7F) , with a significantly higher degree of intensity and cell number scoring in the malignant (cancer) versus normal and/or BPH samples ( Figure 7E) . Furthermore, as shown by immunofluorescence in prostate cancer cell lines, immunohistochemistry with an antibody directed against PS-PXN revealed almost exclusive nuclear localization of PS-PXN in both benign and tumor tissues (representative photo in Figure 7F ), though, unlike in total PXN, scoring of intensity and cell number did not reveal a statistically significant difference in PS-PXN expression (not shown). Notably, AR, cyclin D1, and Ki67 expression in these same TMAs were all significantly higher in the malignant (cancer) versus normal and/or BPH samples ( Figure 7 , E and F), confirming that the PXN-regulated signaling/ proliferative pathway is upregulated in prostate tumors. Together, the xenograft studies showing the importance of PXN and associated signals for prostate cancer cell growth in vivo and the TMA data demonstrating increased expression of PXN and associated signals in human prostate cancers suggest a significant role of PXN in prostate cancer progression.
Discussion
Prostate cancer cell proliferation requires stimulation from many sources. These sources include androgens and growth factors at early stages, with an emphasis on the former. However, in later castration-resistant stages, the character of androgen dependence seems to change, and prostate cancer seems to proliferate effectively in response to other signals, with perhaps more emphasis on growth factors. Here, we demonstrate that PXN is a critical regulator of both androgen-and growth factormediated proliferation in prostate cancer cell lines, making it a potential mediator of both androgen/castration-sensitive and castration-resistant prostate cancer. We find that PXN regulates both androgen-and growth factor-mediated cell proliferation by modulating ERK signaling and subsequent downstream effects (Figure 8) .
First, PXN is required for receptor tyrosine kinase-mediated activation of ERK. We previously showed that EGFR activation (either directly by EGF or indirectly by DHT through MMPmediated release of EGFR ligands) leads to phosphorylation of tyrosine residues on PXN, most likely by Src (8) . This tyrosine phosphorylation of PXN is required for downstream Raf, MEK, and ERK activation, with PXN potentially serving as a scaffold that holds this signalosome together (8, 17, 18) .
Second, PXN functions downstream of ERK as an effector of nuclear signaling. As described previously, the MAPK pathway regulates phosphorylation of PXN at serine residues, most likely while PXN resides within the cytoplasm (8) . Once PXN is phosphorylated, however, we find that PS-PXN enters the nucleus, demonstrating that PXN is not only an important cytoplasmic signaling molecule, but also a critical nuclear signaling molecule. In fact, previous studies showed that PXN shuttles between the cytoplasm and the nucleus in COS and HeLa cells (19) , although how this shuttling is mediated and its biological relevance/significance were not addressed. Our results provide evidence that PXN nuclear localization requires MAPK-dependent serine phosphorylation and that nuclear PS-PXN serves many functions once it enters the nucleus. Of note, although a core nuclear export signal (NES) within the LD 4 motif of PXN has been reported (19) , no nuclear localization signal has been identified.
Third, once in the nucleus, PS-PXN regulates several transcriptional responses (Figures 1 and 6 ). For example, PXN forms a complex with ligand-bound AR, enhancing its retention within the nucleus and thereby facilitating AR transcriptional responses (e.g., PSA, NKX3-1, and FKBP5). Furthermore, PXN binds to the PSA and NKX3-1 promoters along with the AR, suggesting that PXN might be a transcriptional coregulator of the AR. In contrast, we did not find PXN to associate with AR on the FKBP5 promoter. However, transcriptional regulation of FKBP5 by AR is different than that from PSA. The promoter region of FKBP5 consists of several distal androgen response elements (AREs) that are important enhancers (20, 21) , which might have led to our missing the appropriate PXN-binding site. The ability of PXN to regulate AR-mediated transcription is consistent with earlier studies in CV-1 and prostate cancer cells overexpressing transfected PXN and AR, where PXN potentiated AR-mediated activation of MMTV-luciferase (22) and PSA promoter-luciferase constructs (23).
Importantly, our studies demonstrate that PXN regulates AR nuclear localization, not only in prostate cancer cells, but also in primary mouse GCs, suggesting that PXN is a common regulator of both membrane-initiated and genomic androgen signaling in multiple cell types. In contrast to the AR, PXN had no effect on ERα nuclear localization in the same primary GCs and in MCF7 breast cancer cells. Previously, PXN was implicated as a regulator of nongenomic estrogen effects in breast cancer cells (24) , although transcription was not examined (25) . Our data confirm that estradiol rapidly triggers serine phosphorylation of PXN and subsequent nuclear localization in granulosa and breast cancer cells. However, we find that PXN is not required for ERα-mediated activation of an ERE-luciferase construct in MCF7 cells. Together, these data indicate that PXN has different effects on AR-versus ERα-mediated signaling and suggest that extranuclear ERK signaling might be more important for transcription by AR versus ERα.
Fourth, PXN modulates more than just AR-mediated transcription. Independent of steroids or steroid receptors, PXN regulates cytoplasmic ERK activation and subsequent nuclear ERK-dependent transcription (Figure 7) , providing evidence that PXN is in fact a broad regulator of ERK actions inside the nucleus. ERK is known to translocate to the nucleus and regulate gene expression (26) . Our study provides insight into the intranuclear mechanism of ERK-regulated gene expression, demonstrating the importance of nuclear PS-PXN in mediating these effects. Although EGF-induced MAPK activation requires cytoplasmic PXN (8), translocation of activated ERK to the nucleus does not require subsequent MAPK-dependent phosphorylation of PXN. However, PS-PXN is still required for nuclear ERK actions, in which ERK, PS-PXN, and ELK1 form a complex that permits ERK-mediated phosphorylation of ELK1. Activated ELK1 and ERK, but not PXN, then bind to the c-FOS promoter to induce c-FOS expression ( Figure 7 ). As reported (15, 16), c-FOS can then activate cyclin D1 promoter activity and cyclin D1 expression, thereby promoting cell proliferation. Thus, while the cytoplasmic scaffolding properties of PXN, specifically with regard to ERK signaling, are well established, our data demonstrate that PXN serves a similar function in the nucleus, forming a platform PXN mediates extranuclear and nuclear AR and ERK signaling. Androgen binds ARs at or near the plasma membrane, which transactivates the EGFR via MMPmediated release of EGFR ligands. EGFR can also be activated directly by EGF. This activates Src, which phosphorylates PXN on tyrosine residues, enabling Raf to activate MEK/ERK. ERK then mediates phosphorylation of PXN at serine residues (though not necessarily directly), and PS-PXN enters the nucleus. Meanwhile, androgen-bound AR also translocates to the nucleus. In the nucleus, PS-PXN interacts with androgen-bound AR to retain it in the nucleus. PS-PXN then associates with or near the AR on the PSA/NKX3-1 promoter to help promote AR-driven transcription (left). Activated ERK also enters the nucleus, where PS-PXN, p-ERK, and ELK1 form a complex and ERK phosphorylates ELK1, which induces c-FOS expression. The latter then activates cyclin D1 promoter activity/cyclin D1 expression (right), thereby promoting cell proliferation.
that enables ERK to interact with and phosphorylate ELK1. Given the general importance of ERK, the physiological significance of PXN regulation of ERK actions may extend beyond cancer and in fact apply to normal development and function of many tissues. Accordingly, global knockout of PXN in mice causes embryonic lethality (27) , confirming PXN's physiological importance.
Finally, our in vivo xenograft and TMA studies reinforce our in vitro results and establish PXN's potential significance in prostate cancer progression. Knockdown of PXN expression in prostate cancer cells leads to decreased and slower xenograft tumor growth, demonstrating the importance of PXN in prostate cancer cell proliferation in vivo. Furthermore, TMA studies demonstrate increased PXN expression in prostate tumor samples, consistent with previous work demonstrating elevated PXN levels in premalignant lung lesions (28, 29) and colorectal tumors (30) . Most importantly, our results show that the impact of PXN on cyclin D1 expression, ELK1 phosphorylation, and proliferative index (Ki67) is conserved between in vitro and in vivo studies with prostate cancer cell lines as well as in human TMAs, confirming the importance of PXN-mediated signaling for prostate cancer progression. Of note, under the conditions of our TMA studies, although we saw a trend of increased PS-PXN expression in tumors versus benign prostate (not shown), the difference did not reach statistical significance. This is likely due to the combination of PS-PXN concentrating in the small nuclear volume and the high affinity of our antibody to PS-PXN leading to a cluster of high scores that made discerning significant differences difficult. Further examination of larger data sets may reveal statistically significant difference in PS-PXN expression between cancerous and benign prostate as well as between different Gleason grades of prostate cancer.
In summary, our model ( Figure 8 ) highlights 2 major concepts regarding PXN's role in ERK and AR signaling: (a) PXN has functions beyond focal adhesion signaling and acts as a liaison between extranuclear kinase signaling and intranuclear transcription; and (b) just as PXN serves as a signaling scaffold molecule in the cytoplasm, it functions as a signaling scaffold molecule in the nucleus. The data here are consistent with PXN being a critical mediator of kinase-regulated transcription and subsequent prostate cancer cell proliferation in both castration-sensitive and castration-resistant prostate cancer, thereby establishing PXN as a potential biomarker for prostate cancer proliferation and an attractive therapeutic target for prostate cancer treatment.
Methods
Cell culture. LNCaP, C4-2, PC3, and MCF7 cells were obtained from ATCC and cultured in RPMI 1640 (Invitrogen) containing 10% FBS and 1% penicillinstreptomycin. Primary GCs isolated from C57BL/6J mouse ovaries were cultured in DMEM/F-12 containing 5% FBS, 1% penicillin-streptomycin, and 2.5 μg/ml fungizone for 48 hours (31, 32) ; this was followed by serum starvation for 4 hours and then DHT or estradiol (25 nM) treatment for 30 minutes.
PXN knockdown (siRNA) and rescue experiments. siRNA experiments were performed (8) using nontargeting siRNA pool or human PXN siRNA ON-TARGET plus SMARTpool containing 4 siRNAs targeting PXN mRNA according to the manufacturer's instructions (Thermo Fisher Scientific). After 72 hours, cells were treated overnight with serum-free, phenol redfree RPMI 1640 and stimulated with or without DHT (25 nM, LNCaP cells) or EGF (20 ng/ml, PC3 cells).
For rescue experiments, after siRNA, cells were transfected (FuGENE 6; Roche) with WT PXN or serine mutated PXN(S→A) (serines 83, 126, 130 converted to alanines), as described (8) . After 24 hours, cells were treated overnight with serum-free, phenol red-free RPMI 1640 followed by stimulation with or without DHT (25 nM) or EGF (20 ng/ml) for 30 minutes or 24 hours. For leptomycin B experiments, cells were preincubated with 15 ng/μl of leptomycin B for 30 minutes prior to medium/ DHT treatment (30 minutes).
Western blots. Western blots were performed as described (33) . Primary antibodies used were as follows: rabbit polyclonal PXN and mouse monoclonal anti-AR (441) at 1:1,000 (Santa Cruz Biotechnology Inc.); rabbit polyclonal PXN-phospho-S126 (Invitrogen); rabbit polyclonal PXNphospho-S83 (ECM Biosciences); rabbit polyclonal p44/42-ERK1/2, phospho-p44/42-ERK1/2 (T202/Y204), phospho-ELK1 (Ser383), and lamin at 1:1,000 and GAPDH at 1:5,000 (Cell Signaling Technology).
Nuclear and cytoplasmic fractionation. Separation of nuclear and cytoplasmic fractions was performed using NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific) according to the manufacturer's protocol. Expression of GAPDH and lamin were used as cytoplasmic and nuclear controls, respectively.
ChIP. LNCaP and PC3 cells were serum starved overnight, then treated with DHT (25 nM) or EGF (20 ng/ml) for 45 minutes or 24 hours, respectively, before ChIP with MAGnify Chromatin Immunoprecipitation System (Invitrogen) according to the manufacturer's instructions. Chromatin fragments were immunoprecipitated with Dynabeads coupled with anti-PXN or anti-AR (Santa Cruz Biotechnology Inc.) antibodies for LNCaP cells and anti-PXN (Santa Cruz Biotechnology Inc.), anti-ERK1/2, or antip-ELK1 (Cell Signaling Technology) antibodies for PC3 cells. For controls, cells were pretreated with rabbit IgG, and qPCR was performed using EXPRESS SYBR GreenER qPCR SuperMixes (Invitrogen) with primers designed for PSA promoter (34), NKX3-1 (35), FKBP5 (21), c-FOS promoter (SimpleChIP human c-FOS promoter primers; Cell Signaling Technology), and negative control regions. Amplification efficiency of the qPCR reaction was calculated using 10-fold serial dilutions of input DNA, and quantification of precipitated DNA was analyzed by the ΔΔCt method and normalized to input controls. Input values were obtained from samples treated in the same way, but with no IP step.
ChIP-re-ChIP assay. LNCaP cells were serum starved overnight; this was followed by treatment with medium or DHT (25 nM) for 45 minutes. Thereafter, ChIP analysis followed by re-ChIP was performed with ReChIP-IT Magnetic ChIP Kit (Active Motif) according to the manufacturer's instructions. Chromatin fragments were immunoprecipitated first with anti-PXN antibody; this was followed by reimmunoprecipitation with anti-AR antibody (Santa Cruz Biotechnology Inc.). IgG and no-antibody IP were used as negative controls. Processed DNA samples were used for qPCR evaluation using EXPRESS SYBR GreenER qPCR SuperMixes.
Xenograft studies. Recombinant lentivirus expressing an shRNA directed against human PXN (NM_002859.2) was prepared from 293T cells (36) by the University of Pittsburgh Cancer Institute Lentiviral Core Facility. PC-3 cells grown on 6-well plates were infected with 10 6 virus particles in the presence of 8 μg/ml polybrene overnight at 37°C and pooled clones selected in 2 μg/ml puromycin.
NOD.CB17-Prkdc scid /J mice (15 per group) were injected subcutaneously into flanks with 0.2 ml (1.5 × 10 6 cells) PC-3 cells transfected with PXN shRNA or GFP shRNA-negative control. Tumor volumes were measured every 3 days. Mice were sacrificed at 4 weeks and tumor weights measured. Expression of PXN, p-ELK1, and total ELK1 (t-ELK1) were confirmed by Western blot, while cyclin D1 mRNA expression was measured by qPCR.
Transcription (luciferase) assay. Transcription assays were performed as described (37, 38) . Briefly, LNCaP, PC3, or MCF7 cells were treated with Nsp or PXN siRNA for 72 hours. Thereafter cells were transfected with reporter luciferase constructs containing the PSA promoter (LNCaP cells), the cyclin D1 promoter (PC3 cells; promoter from Karen Knudsen, Thomas Jefferson University, Philadelphia, Pennsylvania, USA), or ERE (for MCF7 cells) plus a cytomegalovirus-β-gal plasmid in medium containing 5% charcoal-stripped fetal bovine serum using FuGENE 6 (Roche) according to the manufacturer's protocol. For rescue experiments, WT and serine mutated PXN(S→A) were transfected. The next day, cells were treated with and without DHT (25 nM, LNCaP cells), EGF (20 ng/ml, PC3 cells), or estradiol (50 nM, MCF7 cells) for 24 hours and extracts analyzed for luciferase and β-gal expression using the Promega Luciferase Assay System (Promega Corp.) and PerkinElmer Galacto-Star Kit. PSA-luciferase activity was normalized to β-gal expression and data represented as fold increase with respect to medium. To confirm PXN knockdown and rescue, cell lysates were subjected to Western blot analysis.
IP. IP experiments were done with nuclear fraction (nuclear and cytoplasmic fractionation) using protein G-agarose beads (Millipore) according to the manufacturer's instructions. Antibodies used for IP were as follows: mouse monoclonal AR (no. 441), p-ERK1/2 (no. 12D4), PXN (no. 177), and IgG (control) antibodies (Santa Cruz Biotechnology Inc).
Immunofluorescence. Cells were grown in poly-D-lysine precoated glass bottom dishes (MatTech Corp.). Cells were treated with PXN siRNA and rescued with WT or serine mutated PXN(S→A) followed by serum starvation and stimulation with DHT or EGF for 30 minutes. Cells were fixed in 4% paraformaldehyde and dual immunofluorescence microscopy performed (39) . Cells were stained with rabbit polyclonal PXN (1:100) and mouse monoclonal AR (1:50) (Santa Cruz Biotechnology Inc.); rabbit polyclonal PXN-phospho-S126 (1:50; Invitrogen); rabbit polyclonal PXN-phospho-S83 (1:50; ECM Biosciences); rabbit polyclonal p44/42-ERK1/2 (1:100), phospho-p44/42-ERK1/2 (T202/Y204) (1:100; Cell Signaling Technology), and ERα (1:10). Binding of primary antibody was detected by reporter IgG conjugated to Texas Red (anti-mouse IgG) and fluorescein (anti-rabbit IgG) (Vector Laboratories). For all immunofluorescence studies, cells were counted from 3 random fields/ experiment (each experiment was performed at least 3 times) and cytoplasmic versus nuclear localization of protein of interest scored. Data are represented as percentage of cells.
TMAs. Tumors were sampled from radical prostatectomy specimens from 199 prostate cancer patients with localized disease and 36 normal or BPH patients. All patient samples were obtained from the New York University Cooperative Prostate Cancer Tissue Resource. An intermediate-density TMA was assembled using a semi-automated tissue puncher/array (Beecher Instruments) (40) . Four core samples of prostate cancer tissue were acquired per case. TMA sections were cut at 4-μm-thick intervals. Every tenth section was stained with H&E to verify histology. PXN, AR, cyclin D1, Ki67, and PS-PXN expression were manually scored by 2 uropathologists. The score for each core was assigned a number between 0 and 8 using a distribution-intensity scoring system (41) . Four replicates of each TMA slide were averaged.
Statistics. Unless otherwise indicated, data are presented as mean ± SEM. Data for the transcription assays, immunofluorescence scoring, real-time PCR, ChIP, and re-ChiP experiments as well as for the xenograft and TMA studies were analyzed using Students's t test. A value of P ≤ 0.05 was considered significant.
Study approval. All animal studies reported were approved by the University Committee on Animal Resources at the University of Rochester Medical Center, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All human tissues were collected with institutional review board approval, and patients gave informed consent.
